Abstract: Variation of leakage current in interband cascade lasers (ICLs) with different carrier concentrations achieved by coating the facet with antireflections (AR) coating was experimentally studied. Single-layer Al2O3 and double-layer ZnS-YF3, ZnS-SiO2, and Ti2O5-SiO2 AR coatings are applied to midinfrared (mid-IR) ICL devices to achieve reflectance ranging from 0.15 to 7 Â 10 À4 . By monitoring the laser performance before and after coating, it was observed that, for lower reflectivity coatings, the leakage current appreciably rises with increasing carrier concentration, thus diminishing the slope efficiency improvements and, in fact, degrading the slope efficiency at very low reflectance. It was observed that the ratio of leakage to threshold current could increase by 17% for high carrier concentrations at very low AR coating values. The results also allow for experimental optimization of AR coatings for increased slope efficiency in mid-IR ICLs. Therefore, in this paper, we propose an optimal value for the AR coatings in order to maximize the power in ICLs.
Introduction
The mid-IR spectral region (3 "m to 5 "m) is comprised of two atmospheric transmission windows, as well as several absorption bands corresponding to greenhouse gasses and water. This spectral region offers applications in free space communications, sensing, and the biomedical field. Interband cascade lasers (ICL) with continuous wave (CW) room temperature (RT) power up to 500 mW [1] , as well as quantum cascade lasers (QCL) [2] and type-I quantum well lasers [3] , can be employed for such applications. In particular, since the original proposed ICL laser structure in 1995 [4] and the first demonstration of room temperature operation in 2008 [5] , ICLs performance was continuously improved by several groups around the world [1] , [6] , [7] .
Extensive research has been dedicated to the band structure engineering in order to increase the carrier confinement in the active quantum wells of these lasers. However, they are still suffering from low characteristic temperatures for the threshold current and slope efficiency [1] . These issues have been attributed to non-radiative alternative paths that allow the carriers to escape to higher energy levels resulting in leakage currents. Another mechanism that contributes to temperature sensitivity of QCLs is backfilling of the lower laser level by electrons in the injector. However, this mechanism is specific to QCLs and does not play a role in ICL operation [8] . Strategies to remedy this limitation in QCLs usually involve increasing the energy level separation between the upper laser level and the next higher level in the active wells as well as between the lower laser level and the injector mini-band to decrease carrier backfilling. Deep-well [8] , [9] and tapered-active-region [10] , [11] QCLs are examples of these efforts. The major difference between an ICL and a QCL is that the former involves participation of both electrons and holes in the radiative transition, similar to a quantum well laser. This difference is manifest by the two orders of magnitude longer carrier lifetime in ICLs compared to QCLs and underlies why ICLs can operate with far fewer cascaded active regions [1] . ICL active region optimizations require a significant overlap between electron and hole wave functions [6] . This is in contrast to QCLs where the design focuses mostly on electron wavefunctions. This inherent difference between the two makes active region band gap engineering more challenging in ICLs [15] . Moreover, ICL has so far been limited to GaSb material systems which limits the material selection for quantum wells and barriers, again limiting the bandgap engineering that can be achieved. Therefore, implementation of similar strategies to QCLs is not as readily available in ICL structures.
The band structure of a typical ICL active region is shown in Fig. 1 . At the heart of an ICL active region is a W-structure [1] that consists of one GaInSb hole-well sandwiched by InAs electronwells. The radiative transition is a diagonal transition across the coupled electron wells and the hole well. Experimental investigation of ICLs shows high temperature dependence of the threshold current and slope efficiency [1] , [12] .
High power operation can be achieved by increasing the number of cascades, and/or the active area through modifying the physical dimensions of the waveguides. These approaches, however, increase the self-heating of the device in CW operation. Some of the self-heating effects could be compensated by efficient heat extraction through advance processing and packaging techniques [13] . Facet coating is another approach to enhance the output power by increasing the differential efficiency and is the focus of this study. In order to achieve higher performance through optical coating of the laser facets, the effect of the mirror reflectivity on the internal characteristics of the devices needs to be carefully examined. It is a known fact that the anti-reflection coating effectively increases the waveguide's loss and, therefore, results in a higher threshold current. This phenomenon, consequently, raises the carrier density of the laser leading to even higher leakage current. A higher leakage reduces the internal quantum efficiency, thereby, possibly counter-balancing the positive effect of the increased mirror loss in enhancing the external slope efficiency. In fact, it has been observed for quantum cascade lasers that the slope efficiency actually decreases for low reflectivity AR coatings compared to uncoated devices [14] . Thus, optimal AR coatings need to be designed for power enhancement in IC lasers.
In this paper, we apply different levels of AR coatings with reflectivities ranging from 0.15 to 7 Â 10 À4 and study the performance of the ICLs in terms of an increase in threshold current, leakage current, and slope efficiency. We extract the leakage current and assess its dependence on increased carrier concentration. Our results provide an understanding of how the leakage current increases with carrier concentration within the active region and a method for optimizing the AR coatings and achieving the highest slope efficiency in ICLs.
AR Coating and Measurement of Reflectivity
Here, single-and multi-layer AR coatings have been applied to ridge waveguide ICLs to achieve a large range of reflectivities. Al 2 O 3 single layer AR coatings and ZnS-YF 3 , ZnS-SiO 2 and Ti 2 O 5 -SiO 2 , double layer AR coatings have been applied to ICL devices resulting in a reflectance ranging from 0.15 to 7E-4. The refractive indices of these materials were measured and the coatings have been designed for the specific ICL wavelength using the simulated mode profile of the laser waveguide and plane wave decomposition technique [15] . Details of the specific thickness of the dielectric layers for the coatings are beyond the scope of this paper and will be discussed separately. The single-and multi-layer thin films were evaporated onto the facet of the device using electron-beam evaporator equipped with in situ reflectometry to allow for precise control over the thickness of the deposited film. The quality of dielectric layers as well as their adhesion to the substrate were tested using scanning electron microscopy and the tape test method. Further details of the AR coatings will be published separately.
In this study, 5-cascade ICL devices from three different ICL wafers were used. The wafers were grown on n-type GaSb substrate by molecular beam epitaxy (MBE) with nominally similar active structures. The 5-cascade active region is sandwiched by two 500 nm thick GaSb separate confinement regions. The upper/lower cladding layers are comprised of 1.4 "m/3 "m thick InAs/AlSb strained layer supper lattice. The structure is then capped by a heavily doped n-type InAs layer of 20 nm thickness. Electron/hole probability densities and distributions in the active region have been calculated for similar structures by Vurgaftman et al. [6] . The current-voltagelight (IVL) characteristics were measured before and after the coating were applied in the pulse mode with 0.05% duty cycle to avoid self-heating effects. Measurements were also done close to the threshold current where the light versus current characteristics are linear to extract the experimental parameters correctly. Threshold current and slope efficiency were extracted from the LI characteristics of the lasers. The reflectance of the applied AR coating can be extracted from the changes in the threshold current before and after the coating. Assuming a linear dependence for the threshold current density on gain [1] , J th of a laser can be related to mirror loss as
where J t is the transparency current density, i is the internal loss of the waveguide, m is the mirror loss, À is the optical confinement factor, and dg dj is the differential gain per unit current density at transparency. The mirror loss is defined as
where L is the cavity length and R f and R b are the front and back facet power reflectivity coefficients, respectively. We have previously shown that J t is negligible compared to i Àðdg=djÞ in ICLs [12] . Equation (1) can then be approximated as
The AR coating reflectivity can then be extracted by comparing the threshold current before and after the coating
where the subscript A and B refer to the parameter values after and before the coating is applied. In order to extract m;A after the coating, one needs to know i accurately. As can be seen in equation (3), J th and L À1 have a linear relationship that can be deduced by a cavity length analysis through measuring several un-coated devices, with at least three different lengths. The ratio of the intercept to the slope of the graph multiplied by lnð1=RÞ gives the value of i where R is the reflectivity of the uncoated facet. Thus, two separate experiments were conducted to extract the reflectivity of the coatings. One is a cavity length analysis to extract i using multiple lengths and, second, comparing the threshold current densities before and after coating. Fig. 2 shows a typical example of the cavity length analysis. The length dependent analysis for each of these ICLs has been carried out with 3-5 different lengths and more than 20 devices per length. These devices are ridge waveguides with a 12 "m width and etch depth of 3 "m that were cleaved in various lengths varying from 1 mm to 5 mm and measured in the pulse mode to minimize self-heating effects. The processing steps for fabricating these ICLs have been detailed elsewhere [12] . The J th and L À1 relation for all of these samples, as well as the internal loss and the emission wavelengths, are summarized in Table 1 .
An example for the LIV characteristics used in the extraction process is shown in Fig. 3 . For this specific example, the AR coating was designed for 2% reflectivity using ZnS-SiO 2 to ICL-2 (details are discussed below). This coating resulted in the highest improvement of slope efficiency by a factor of 1.95. The threshold current density was increased by 49%. We also monitored the VI characteristics of the device before and after the coating and if the VI characteristics changes, the coating was considered to have affected the diode characteristics and was not considered good.
In order to span a wide range of reflectivity with the simplest coating combination, materials close to the optimum refractive index for the AR coating were considered. For an ICL ridge waveguide with a width of 12 "m and a height of 3 "m and a waveguide effective index of $3.5, the optimum single layer coating should have an index of refraction equal to 1.87, i.e. the geometric mean of the effective refractive index of the waveguide and air. However, considering the material limitation it is not possible to match this ideal value. Consequently, the available material close to this index, Al 2 O 3 , was selected. For double layer coating two materials with high and low refractive indices are required. While choices for a low index material are relatively broad, there are only a few high index materials that are suitable for optical coatings in the mid-infrared region that possess the required index difference with the substrate. Given the optimal refractive indices for a double layer coating, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð1=3Þðn s n a Þ p and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð2=3Þðn s n a Þ p , the following materials were considered for the high index layer:
ZnS with index of 2.26 in the infrared region; TiO 2 with the index of 1.77 in the infrared region. For low index layers YF 3 and SiO 2 with the index of $1.4 in the infrared region were used. Table 2 lists the dielectric materials that have been used as well as their approximate refractive indices at Mid-IR. These indices were estimated though fitting Sellmeier equation to ellipsometry measurements on the witness samples at shorter wavelengths. The witness samples are placed in the same E-beam evaporation chamber where the actual AR coating took place. Internal loss, wavelength of emission, and cavity length dependence of threshold current for the ICLs that have been used in this study Fig. 3 . LIV characteristics before and after ZnS-SiO 2 double layer AR coating at 150 C for a 3 mm ICL-2. Internal parameters were extracted from change in slope and threshold currents.
Six different AR coatings with reflectivity ranging from 0.12 to 7 Â 10 À4 were studied. Table 3 summarizes the ratio of the change in the threshold current before and after anti-reflection coating, the length of the particular device and its internal loss extracted from the length dependent measurement as well as reflectivity of the coating extracted from the change in the threshold current according to equation (4) . Each combination was designed to reach a certain reflectivity with the exception of (Ta 2 O 5 ) ZnS-SiO 2 double layer coating. This material combination was used in two different thickness combinations, one was designed to achieve moderately low reflectivity of 2% and the other was designed for a reflectivity equal to 7 Â 10 À4 .
Extraction of Leakage Current
Leakage current was extracted from the slope efficiency calculations. The differential quantum efficiency is also related to the facet reflectivity via:
where i is the differential internal efficiency per stage; N is the number of stages, which is equal to 5 in this case; and F f is the fraction of total output power delivered from the front facet, determined by both facet reflectivities and is given by [16] 
The modification of facet reflectivities affects the slope efficiency by changing F f and m . Furthermore, due to the increase in carrier concentration leading to higher leakage current, i can also reduce appreciably. The differential internal efficiency is a measure of the fraction of the total current above the threshold that results in carrier generation in the active region. By using a where J leak ;th is the leakage current density, and J th is the threshold current density. It is this leakage current which is attributed to the high temperature sensitivity of the threshold current density and slope efficiency of ICLs. The low characteristic temperature of the threshold current and the slope efficiency, T 0 and T 1 , respectively, indicate a sizable contribution from the carrier leakage. We have previously reported T 1 to be approximately 90 K [19] . Though the leakage current did not explicitly appear in equation (1) for threshold current, it can be easily shown that it is indeed part of the threshold current density. Using J ¼ ðq= 0 i (Þn, where n is the carrier concentration and 0 i is the internal efficiency, (1) becomes
Substituting the value of (8), where inj is the carrier injection efficiency, gives
Thus, the linear approximation of gain to threshold current density in (1) accounts for the leakage current within its formulation. The same leakage current can also play an important role in the case of AR coated devices. Due to a considerable increase in the threshold current density, particularly at very low reflectivity, the threshold carrier density before and after coating changes dramatically which in turn affects the internal device parameters.
Using (5), the change in the differential quantum efficiency is related to the internal laser parameters by
where F f , m are obtained from the reflectivity in Table 3 . A and B subscripts correspond to values after and before coatings respectively. From (10), ð p;A = p;B Þ is calculated which is the ratio of differential pumping efficiency after and before the AR coatings. In this calculation, it is assumed that the laser transition differential efficiency tr does not change in the process. The laser transition differential efficiency is not temperature dependent and is not expected to change with AR coatings significantly either.
In order to obtain the value of the leakage current, the absolute value of the uncoated laser internal differential efficiency is required. i can be calculated using the calibrated slope efficiency from
We have estimated i to be 30.6% for our lasers in a previous study [19] , mainly limited by the leakage current. Using the initial value of internal efficiency for uncoated device, and the change of the internal efficiency from (10), the final i after coating is obtained. The threshold current densities before and after the coating are then inserted in (7) to obtain the leakage current with the additional assumption that the tr is unity. Here, it is important to note that the initial value of i and the contribution from the transition efficiency will solely effects the ratio of the leakage current to threshold current before and after the application of AR coating. The ratio of the internal efficiency and subsequent optimization of anti-reflection coating is independent of these assumptions. The extracted values of the ratio of the differential efficiencies; internal differential efficiencies and leakage currents after and before are summarized in Table 4 .
Discussion
As seen from the Table 4 , the ratio of the differential efficiency before and after coating increases with reduced facet reflectivity up to 2% (as is expected) but then decreases for the lowest reflectivity of 7 Â 10 À4 . Similar results have been previously seen in AR coatings on QCLs where the slope efficiency decreased at very low reflectivity [14] , [20] . In fact, in their experiment, the slope efficiency for low reflectivity of 1E-4 was lower than that of a laser with uncoated facet [20] . The reason for this degradation lies in the change of the internal efficiency as seen from the data in Table 4 . The degradation in the differential internal efficiency, i , before and after coating worsens as the reflectivity of the facet reduces. The improvement of the differential efficiency resulting from lowering the mirror loss compensates only part of the degradation of internal efficiency caused by the increased carrier concentration. The relationship between the ratios of the internal efficiency after and before coating as a function of the reflectivity of the facet is plotted in Fig. 4 . The internal efficiency ratio changes logarithmically with reducing the facet reflectivity indicating a more drastic change for ultra-low reflectivities. The decrease in the internal differential efficiency results from a substantial increase in the leakage current as larger proportions of the carriers are leaking at lower reflectivity as compared to the uncoated facet situation. The results also show how the leakage current increases as the carrier concentration increases in the active region. The initial value of internal efficiency is required to calculate the ratio of leakage current to the threshold current and its change with the mirror loss. For an internal efficiency of 30.6% and laser transition efficiency of unity, the leakage to threshold current ratio increased by as much as 17% by increasing the mirror with low reflectivity AR coated samples. However, the trend of increase in the leakage current and the ratio of the internal efficiency are of greater importance.
This leakage current is attributed to the thermal excitation of the injected electrons to higher energy levels in the active region. Electrons in these higher energy levels can either relax to lower energy levels or escape to continuum. The barrier height in the active and injection region play an essential role in determining the leakage current in ICLs. TABLE 4 Summary of the extracted reflectivities, the ratio of slope efficiency, internal differential efficiency threshold current, and leakage current after and before the AR coating is applied These results suggests that the optimization procedure for designing the anti-reflection coatings for achieving the highest differential efficiency must take into account the introduction of additional leakage in the device. For high power applications where maximum differential efficiency is required, very low reflectivities can be counterproductive as they result in substantial increase in the leakage current and degrade the device performance. The increase in the leakage current would in turn decrease the differential efficiency resulting in a less-efficient device.
In order to visualize such dependencies, the ratio slope efficiency was calculated for a 1 mm device with internal loss of 6 cm À1 , using the fitted logarithmic function for internal efficiency. For comparison, the ratio of the slope efficiency was also calculated for the same device assuming a constant internal efficiency. The results for both scenarios are plotted in Fig. 5 . As can be seen from this plot, the slope efficiency improves at first by lowering the reflectivity but starts to decrease as the reflectivity is further lowered. For this particular case, the maximum slope efficiency improvement is 1.7 times and is obtained at a front facet reflectivity of $1%. It should be noted that this value changes for different device lengths and depends on the internal loss. High reflectivity coating of the back facet is also recommended and would allow for higher improvement with lower reflectivities.
Conclusion
In conclusion, this study shows how the leakage current increases with carrier concentration in the active region and the resulting reduction of the internal efficiencies limits the improvement of the slope efficiency with AR coatings. While the reduction of the front facet reflectivity allows for higher output power, the cost of increasing the carrier density has to be accounted for in order to find the optimum balance. If other laser parameters are also affected, for example, if the internal loss increases as a result of the increase in carrier density, there could be a further reduction of the slope efficiency after a certain point in lowering the facet reflectivity. These changes are expected to be small compared to the effective loss associated with carrier leakage.
Based on our previous findings and similar works on Mid-IR QCL, the relatively low characteristic temperature of the threshold current density and the slope efficiency in the semiconductor lasing materials are linked to carrier leakage from the active quantum wells. The results of the anti-reflection coating also indicate the sensitivity of these devices to the number of carriers in the active region. Better carrier confinement in QCLs through application of high barriers and tapered injectors [8] , [10] has led to substantial improvement in QCL performance at room and high temperatures. Future work should focus on implementing similar ideas for ICLs to improve their performance and stability. We expect a substantial improvement in the wall-plug efficiency and in the amount of power that can be extracted from ICL lasers by appreciably reducing the carrier leakage in these lasers.
